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(57) ABSTRACT 

There is provided a non-destructive inspection device hav 
ing an infrared sensor for infrared thermography inspection 
of a structure or surface. A rotatable re?ector re?ects infra 
red light from an inspected surface to an infrared sensor. An 
inspecting portion of a non-destructive device is magneti 
cally coupled to an actuating portion of the device for 
concerted movement of the portions. An inspection device 
includes both an infrared sensor for infrared imaging and an 
optical device such as a camera for visible light imaging. 
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NON-DESTRUCTIVE INFRARED INSPECTION 
DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part, and 
claims the bene?t of priority to, co-pending U.S. non 
provisional patent application No. 10/752,890 of Bossi et al., 
?led Jan. 7, 2004, Which co-pending patent application and 
the publication thereof, namely United States patent appli 
cation publication number US2005/0145033A1, published 
Jul. 7, 2005, are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] Embodiments of the present invention relate gen 
erally to non-destructive inspection devices. More particu 
larly, embodiments of the invention relate to devices for the 
infrared inspection of a structure. 

BACKGROUND OF THE INVENTION 

[0003] Manufacturers often optimiZe the designs of parts 
that they manufacture in efforts to increase the ef?ciencies of 
devices and structures in Which the parts are used. Designs 
are often optimiZed through the use of light-Weight materials 
and by the minimiZation of the amounts of materials used. 

[0004] For example, in order to reduce Weight of aircraft 
components, manufacturers typically design skeletal frames 
enclosed by thin skins utiliZing light-Weight materials such 
as aluminum, titanium, and silicon. In order for these 
components to perform as intended, the components must be 
manufactured Without surface irregularities and Without 
hidden ?aWs. If surface irregularities and ?aWs hidden 
beloW the surface of a component go undetected, the com 
ponent may fail. Therefore such components are typically 
subjected to careful inspections both prior to use and during 
the service life of the components. 

[0005] Aircraft components made of light-Weight compos 
ite materials are further examples of parts that are routinely 
subjected to inspection. Composite materials are commonly 
used because of their engineering qualities, design ?exibili 
ties, and loW Weights. HoWever, a component constructed of 
a composite material may have ?aWs both at the surface and 
beloW the surface of the material. Surface irregularities such 
as scratches and holes and more hidden irregularities such as 
cracks, voids, disbonds, and hidden porosities may greatly 
compromise the strength and durability of a composite 
component. 

[0006] Complicating the inspection of aircraft components 
and parts for other assemblies is the fact that optimiZed 
designs often include complex geometries, curved surfaces, 
and limited access spaces. For example, a typical aircraft 
fuselage stringer can be over one hundred feet long, and 
typically partially encloses an elongate space having a 
trapeZoidal cross-section that may be merely a foot Wide. 
Aircraft Wings typically have internal features, bond lines, 
and close-out joints that further exemplify designs having 
complex geometries and limited access spaces. Limited 
access spaces, such as those enclosed by close-out joints of 
aircraft Wings, are dif?cult to fully inspect using contempo 
rary inspection devices. 

[0007] Thus, as typical design optimiZation processes rely 
on the assumption that parts are manufactured to exacting 
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speci?cations, manufacturers face a difficult challenge in 
identifying parts that fail to meet speci?cations While con 
trolling manufacturing and maintenance costs. Non-destruc 
tive inspection (NDI) devices and techniques provide for 
inspections and evaluations of fully or partially assembled 
parts Without compromising the parts. 

[0008] NDI typically involves thoroughly examining a 
structure Without harming the structure or requiring signi? 
cant disassembly of the structure. NDI is advantageous for 
many applications in Which thorough inspections of the 
exteriors and interiors of structures are desired. NDI is 
commonly utiliZed in the aircraft industry for inspecting 
aircraft components for internal or external structural dam 
ages. Composite components, critical structural compo 
nents, and light-Weight components of aircraft structures are 
often subjected to NDI to identify surface irregularities and 
hidden ?aWs. 

[0009] A need exists for convenient and reliable NDI 
devices that are capable detecting ?aWs de?ned in the 
surface of a component and ?aWs beloW the surface of the 
component. A need exists for NDI devices that are capable 
of inspecting limited-access features of a structure. A need 
exists for NDI devices that facilitate visual inspections of 
structural surfaces in conjunction With inspection techniques 
that reveal hidden ?aWs. 

BRIEF SUMMARY OF THE INVENTION 

[0010] Embodiments of the invention may address at least 
some of the above needs and achieve other advantages. For 
example, a ?rst aspect of the invention relates to a non 
destructive inspection device for inspecting a structure 
optionally related to an aircraft. The inspection device 
includes an actuating portion and at least one inspecting 
portion that are magnetically coupled so that the inspecting 
portion moves in concert With the actuating portion. The 
inspecting portion includes an infrared sensor and at least 
one magnet. The actuating portion also includes at least one 
magnet so that When the actuating portion is placed on a ?rst 
surface of the structure and the inspecting portion is posi 
tioned on a surface of the structure opposite the ?rst surface, 
the tWo portions are magnetically coupled so that movement 
of the actuating portion causes the inspecting portion to 
move in concert With the actuating portion Without the 
inspecting portion directly contacting the actuating portion. 

[0011] The inspection device according to the ?rst aspect 
of the invention optionally includes an optical borescope. 
Furthermore, the inspecting portion may optionally include 
a camera, and in one embodiment, a laser. 

[0012] A second aspect of the invention relates to a 
method of inspecting a structure. According to the method, 
an actuating portion of a non-destructive inspection device 
is placed on a ?rst surface of the structure, and, an inspecting 
portion of the non-destructive inspection device is posi 
tioned on a surface of the structure opposite the ?rst surface. 
At least one magnet of the inspecting portion magnetically 
couples to at least one magnet of the actuating portion. The 
actuating portion is moved on the surface of the structure 
such that the inspecting portion is moved in concert With the 
actuating portion. The inspecting portion includes an infra 
red sensor that creates an output that is received. 

[0013] Athird aspect of the invention relates to an infrared 
inspection system that includes an infrared sensor, a rotat 
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able re?ector disposed to re?ect infrared light from an 
inspected surface to the infrared sensor, and a display system 
communicably coupled to the infrared sensor for presenting 
data related to an output signal of the infrared sensor. 

[0014] According to the third aspect of the invention, the 
infrared sensor optionally includes an infrared sensitive 
array and the display system presents a graphical represen 
tation of an infrared image of a structure under inspection. 
Moreover, the infrared inspection system according to the 
third aspect of the invention optionally includes a second 
rotatable re?ector and a camera device disposed to collect 
visible light images of an inspected surface by Way of the 
second rotatable re?ector. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0015] Having thus described the invention in general 
terms, reference Will noW be made to the accompanying 
draWings, Which are not necessarily draWn to scale, and 
Wherein: 

[0016] FIG. 1 is a perspective vieW of a non-destructive 
inspection device in accordance With one embodiment of the 
present invention, illustrating an actuating portion and tWo 
inspecting portions; 

[0017] FIG. 2 is an environmental vieW of the inspection 
device of FIG. 1, illustrating the inspection device posi 
tioned on a structure to inspect limited access features of the 

structure; 

[0018] FIG. 3 is a side planar vieW of the inspection 
device of FIG. 1, illustrating the actuating portion on a ?rst 
surface of a structure and one inspecting portion positioned 
on a surface opposite the ?rst surface and suspended by the 
magnetic coupling betWeen the actuating portion and the 
inspecting portion; 

[0019] FIG. 4 is a rear planar vieW of the inspection 
device of FIG. 1, illustrating the actuating portion on a ?rst 
surface of the structure and the tWo inspecting portions 
positioned on a surface opposite the ?rst surface such that 
the feature of the structure to be inspected is located betWeen 
the inspecting portions; 

[0020] FIG. 5 is a top perspective vieW of the tWo 
inspecting portions of the inspection device of FIG. 1, 
illustrating the plurality of magnets and the array of inspec 
tion sensors on each inspecting portion; 

[0021] FIG. 6 is a perspective vieW of an actuating portion 
of a non-destructive inspection device in accordance With a 
second embodiment of the present invention, illustrating an 
actuating portion that includes a motoriZed drive Wheel and 
a positional encoder device; 

[0022] FIG. 7 is a perspective vieW of a non-destructive 
inspection device in accordance With a third embodiment of 
the present invention, illustrating tWo inspecting portions 
having vertical arrays of inspection sensors; 

[0023] FIG. 8 is a perspective vieW of a non-destructive 
inspection device in accordance With a fourth embodiment 
of the present invention, illustrating an inspection device 
With only one inspecting portion and With Wireless inspec 
tion sensors; 
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[0024] FIG. 9 is a diagrammatic environmental vieW 
shoWing an infrared inspection system, according to an 
embodiment of the invention, that may provide infrared 
thermographic imaging; 
[0025] FIG. 10 is a diagrammatic environmental vieW 
shoWing an inspection system, according to another embodi 
ment of the invention, that may provide infrared thermo 
graphic imaging and visible light photographic imaging; 

[0026] FIG. 11 is a diagrammatic environmental vieW 
shoWing an inspection device, according to an embodiment 
of the invention, providing non-destructive inspection of a 
partially enclosed space such as the interior of an aircraft 
fuselage hat stringer; 

[0027] FIG. 12 is a diagrammatic environmental vieW 
shoWing an inspection device, according to another embodi 
ment of the invention, having an inspection portion and an 
actuating portion magnetically coupled together and moving 
in concert along opposing surfaces of a structure; 

[0028] FIG. 13 is a diagrammatic environmental vieW 
shoWing an inspection device, according to an embodiment 
of the invention, providing non-destructive inspection of a 
cylindrical conduit; 
[0029] FIG. 14 is a diagrammatic environmental vieW 
shoWing a self-centering infrared inspection device, accord 
ing to another embodiment of the invention, providing 
non-destructive inspection of a cylindrical conduit; 

[0030] FIG. 15 is a diagrammatic environmental vieW 
shoWing an embodiment of the invention that may provide 
non-destructive inspections of limited clearance structures 
and conduits Which may de?ne pathWays having turns and 
bends; 
[0031] FIG. 16 is a diagrammatic environmental vieW 
shoWing an infrared inspection device having an inclining 
head, according to another embodiment of the invention, 
inspecting a structure that de?nes a partially enclosed space; 

[0032] FIG. 17 is a diagrammatic environmental vieW 
shoWing an infrared inspection device, according another 
embodiment of the invention, having a mobile chassis 
capable of serpentine ?eXing for passage through enclosures 
having turns and bends; and 

[0033] FIG. 18 is a diagrammatic environmental vieW 
shoWing an infrared inspection device disposed on an elon 
gate member, according to yet another embodiment of the 
invention, extended through an aperture to inspect a limited 
access area. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying draW 
ings, in Which some, but not all embodiments of the inven 
tion are shoWn. Indeed, the invention may be embodied in 
many different forms and should not be construed as limited 
to the embodiments set forth herein; rather, these embodi 
ments are provided so that this disclosure Will satisfy 
applicable legal requirements. Like numbers refer to like 
elements throughout. 

[0035] With reference to FIGS. 1-5, a non-destructive 
inspection device 10 in accordance With one embodiment of 
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the invention is illustrated. The non-destructive inspection 
device 10 includes an actuating portion 12, a ?rst inspecting 
portion 14, and a second inspecting portion 16. The actuat 
ing portion 12 and the inspecting portions 14 and 16 are 
individual portions and are not directly connected in the 
illustrated embodiment. The actuating portion 12 is struc 
tured for placement on a surface of the structure undergoing 
inspection. The inspecting portions 14 and 16 are structured 
for positioning on a surface opposite the surface the actu 
ating portion is placed. 
[0036] The actuating portion 12 includes at least one 
magnet, and optionally includes a plurality of magnets, such 
as four magnets in the illustrated embodiment, for magneti 
cally coupling With each of the inspecting portions 14 and 
16. The magnetic coupling provides a remote connection 
betWeen the actuating portion 12 and the inspecting portions 
14 and 16 so that the inspecting portions move in concert 
With the actuating portion. The actuating portions 14 and 16 
move in concert With the actuating portion 12 such that the 
actuating portions maintain substantially consistent posi 
tions relative to the actuating portion While the inspecting 
portions are magnetically coupled to the actuating portion. 
The actuating portion 12 of FIG. 1 also includes a handle 18 
that connects a ?rst plurality of magnets 20 to a second 
plurality of magnets 22. The ?rst plurality of magnets 20 
magnetically couple With a plurality of magnets 24 of the 
?rst inspecting portion 14 during operation of the inspection 
device 10. Likewise, the second plurality of magnets 22 of 
the actuating portion 12 magnetically couple With a plurality 
of magnets 26 of the second inspecting portion 16 during 
operation of the inspection device 10. The ?rst plurality of 
magnets 20 are magnetically coupled to the plurality of 
magnets 24 of the ?rst inspecting portion 14 When the 
actuating portion 12 and the ?rst inspecting portion are 
positioned on opposite surfaces of a structure 30, as shoWn 
in FIG. 4. The magnets are advantageously positioned such 
that the magnets are proximate the opposed surfaces 32 and 
34 of the structure 30 such that the magnetic coupling 
therebetWeen is maximiZed. Similarly, the second plurality 
of magnets 22 are magnetically coupled to the plurality of 
magnets 26 of the second inspecting portion 16 When the 
actuating portion 12 and the second inspecting portion are 
positioned on opposite surfaces of the structure 30, as also 
shoWn in FIG. 4. The magnets are advantageously posi 
tioned such that the magnets are proximate the opposed 
surfaces 32 and 36 of the structure 30 such that the magnetic 
coupling therebetWeen is maximiZed, see for example, the 
US. Pat. No. 6,722,202 to Kennedy et al., issued Apr. 20, 
2004 Which is hereby incorporated herein by reference. 

[0037] The magnets 20, 22, 24, and 26 of the illustrated 
embodiment, shoWn in FIGS. 1 and 5 are optionally pan 
cake magnets formed of neodymium iron boron, Which 
advantageously have greater magnetic ?ux (around 12,000 
gauss) than standard ceramic or ferrite magnets (around 
3,900 gauss). Although each plurality of magnets must 
comprise at least one magnet, the magnets of the illustrated 
embodiment are arranged in sets of four for a total of sixteen 
magnets included in the inspection device 10. Further 
embodiments of the invention may include magnets of 
different material, such as Samarium Cobalt or Alnico to list 
tWo non-limiting examples of alternative magnets, and/or 
may create the magnetic coupling With electromagnets or 
other magnetic coupling means. Embodiments of the present 
invention may further comprise magnetic shunting mecha 
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nisms to control the magnetic ?ux of the magnetic cou 
plings, a non-limiting example being rare earth metal 
sWitched magnetic devices disclosed in US. Pat. No. 6,180, 
928 that is assigned to the present assignee. 

[0038] Structures 30 that may be inspected With the 
inspection device 10 of the present invention may include 
but are not limited to composites, non-ferromagnetic metals 
(e.g. aluminum alloy, titanium alloy, or aluminum or tita 
nium hybrid laminates such as GLARE or Ti/Gr), and 
polymers. It should be noted that the ?rst surface 32, the 
surfaces 34 and 36, and the material therebetWeen, Which 
collectively de?ne the material through Which the actuating 
portion 12 and the inspecting portions 14 and 16 are mag 
netically coupled, optionally comprise a non-ferromagnetic 
material because the magnetic coupling Would be dimin 
ished or eliminated by a ferromagnetic material located 
betWeen the actuating portion and the inspecting portions. 

[0039] The pluralities of magnets support each inspecting 
portion 14 and 16 and keep each of the inspecting portions 
aligned. Each plurality of magnets 20, 22, 24, and 26 
comprises at least one individual magnet and is not limited 
to four magnets each. Each plurality of magnets may also be 
arranged in any pattern, but the plurality of magnets that are 
to be aligned With and magnetically coupled to one another 
optionally have the same pattern for maximum coupling of 
the magnets. 

[0040] Referring to FIGS. 2-4, the structure 30 includes a 
feature 40 that extends outWardly from the surfaces 34 and 
36 of the structure, such as being perpendicular thereto. As 
shoWn in FIG. 2, the feature 40 of a structure 30 may be a 
limited-access feature such as a shear tie or spar that is 
bonded or fastened to the skin or joined to or protruding 
from the surfaces 34 and 36. The feature 40 may also include 
a pi joint connecting the feature to the surfaces 34 and 36, 
Wherein the actual joint may be inspected by the inspection 
device 10. Alternative features to be inspected may be a 
feature of any shape, angular orientation, siZe, or location. 
The feature 40 of FIG. 4 represents an interior rib of a Wing 
structure comprising a composite material for use in the 
aerospace industry; hoWever, the feature 40 may represent 
any portion of any structure to be non-destructively 
inspected. Furthermore, the feature 40 may be of any 
material that may be non-destructively inspected, including 
ferromagnetic material. If no magnetic coupling is required 
through the feature 40 to be inspected, a structure 30 having 
a feature comprising a ferromagnetic material may be 
inspected if the material through Which the actuating portion 
12 and inspecting portions 14 and 16 are magnetically 
coupled comprises a non-ferromagnetic material. Such a 
structure 30 Would typically be used for non-aerospace 
applications because of the importance of minimal Weight in 
aerospace applications and a ferromagnetic feature 40 Would 
usually be heavier than a non-ferromagnetic feature such as 
a composite feature. The inspection sensors used to inspect 
a ferromagnetic feature 40 optionally are impervious to the 
magnetic ?elds created by the magnetic couplings betWeen 
the actuating portion and inspecting portions. 

[0041] The feature 40 of the illustrated embodiment 
includes a ?rst face 44 facing the ?rst surface 34 and a 
second face 46 facing the second surface 36. When the 
inspection device 10 is positioned on the structure 30, as 
shoWn in FIG. 4, the feature 40 is located betWeen the ?rst 
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inspecting portion 14 and the second inspecting portion 16. 
Further embodiments of the inspection device, such as the 
embodiment illustrated in FIG. 8, may include only one 
inspecting portion With at least one inspection sensor for 
non-destructive inspection of the feature 40, i.e., one-sided 
inspection relying on the re?ection of signals from Within 
the feature or vieWing the feature With an optical borescope 
or miniature camera. One-sided ultrasonic inspection meth 
ods such as pitch catch, pulse echo, resonance, mechanic 
impedance, etc. are non-limiting examples of one-sided 
inspection techniques of further embodiments of the present 
invention comprising only one inspecting portion. 

[0042] The ?rst inspecting portion 14 and the second 
inspecting portion 16 of FIGS. 1-5 each include three 
inspection sensors. Further embodiments of the inspection 
device 10 may include any number of inspection sensors in 
various con?gurations. The ?rst inspection sensors 50 of the 
?rst inspecting portion 14 are ultrasonic transmitters, While 
the second inspection sensors 52 of the second inspecting 
portion 16 are ultrasonic receivers. These inspection sensors 
50 and 52 are advantageous because they do not require 
direct contact on the ?rst face 44 and second face 46, 
respectively, of the feature 40 and do not require a couplant. 

[0043] Alternative embodiments of the present invention 
may include other non-contact inspection sensors such as 
laser systems, optical borescopes, cameras, infrared sensors, 
and capacitive sensors, to list a feW non-limiting examples. 

[0044] To maintain a prede?ned distance betWeen the 
inspection sensors 50 and 52 and the ?rst face 44 and second 
face 46, respectively, of the feature 40 and to facilitate 
movement of the inspecting portions 14 and 16, rollers 54 
and 56 are provided on the ?rst inspecting portion 14 and the 
second inspecting portion 16, respectively, as shoWn in FIG. 
4. The rollers 54 of the illustrated embodiment are located 
near the ?rst plurality of magnets 20; hoWever, further 
embodiments of the inspection device 10 may include rollers 
located at any position on the ?rst inspecting portion 14, 
such as near the ?rst inspection sensors 50. Likewise the 
rollers 56 of the second inspecting portion 16 may be located 
at any position on the second inspecting portion, but option 
ally mirror the rollers 54 of the ?rst inspecting portion 14, 
as shoWn in FIG. 5. The rollers 54 and 56 also help maintain 
the alignment of the inspecting portions 14 and 16, respec 
tively. The inspecting portions 14 and 16 may, alternatively, 
include skids, skis, or the like for maintaining the prede?ned 
distance and for facilitating movement of the inspecting 
portions over the feature 40. 

[0045] Operation of the inspection device 10 consists of 
placing the actuating portion 12 on a ?rst surface 32 of the 
structure 30 and positioning at least one inspecting portion, 
such as the ?rst inspecting portion 14, on a surface 34 
opposite the ?rst surface such that the inspecting portion is 
proximate the feature 40 to be inspected. The magnets 20 
and 24 of each portion 12 and 14, respectively, magnetically 
couple the inspecting portion to the actuating portion such 
that the inspecting portion is supported and aligned. To 
non-destructively inspect the feature 40, the inspection sen 
sor 50 of the inspecting portion 14 is activated such that the 
signals received by the inspection sensor 50 are sent to a 
processing element for analysis and storage and, in one 
embodiment, for creating an output on a display that can be 
monitored by the technician. The displayed output, Which 
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may be data in any form such as numeric data or graphic data 
to list tWo non-limiting examples, advantageously represents 
the location and siZe of internal ?aWs or defects in the 
feature being inspected. 

[0046] The actuating portion 12 is moved along the ?rst 
surface 32 such that the inspecting portion 14 is correspond 
ingly moved along the surface 34. The inspection device 10 
of FIG. 1 may be manually moved by the technician Who 
grasps the handle 18 to advance the actuating portion 12. 
The inspection device 10 is advanced along the length of the 
feature 40 to fully inspect the feature, such that the pro 
cessed data is optionally collected for a summary of the 
overall inspection results to illustrate or indicate any ?aWs or 
defects in the inspected feature. After the feature 40 is 
suf?ciently inspected, the inspection device 10 can be 
removed by pulling the ?rst inspecting portion 14 from the 
structure 30 to overcome the magnetic couplings and then 
removing the actuating portion 12. Notably, the technician 
can inspect the feature 40 in a relatively blind manner since 
the technician generally does not need to access the surface 
34 of the structure proximate the feature, other than to 
initially position the ?rst inspecting portion 14 and to 
retrieve the ?rst inspecting portion folloWing the inspection. 

[0047] The inspection device 10 may also be operated 
With tWo or more inspecting portions. The actuating portion 
12 is placed on a ?rst surface 32 of the structure 30, the ?rst 
inspecting portion 14 is positioned on a surface 34 opposite 
the ?rst surface, and the second inspecting portion 16 is 
positioned on a surface 36 that is also opposite the ?rst 
surface such that the feature 40 to be inspected is located 
betWeen the inspecting portions. The magnets of each por 
tion magnetically couple the inspecting portions 14 and 16 
to the actuating portion 12 such that the inspecting portions 
are supported by the actuating portion and aligned With the 
actuating portion. The inspecting portions 14 and 16 are also 
in generally ?xed relative positions With respect to each 
other When each is magnetically coupled to the actuating 
portion 12. To non-destructively inspect the feature 40, the 
inspection sensors 50 and 52 of the inspecting portions 14 
and 16, respectively, are activated such that the signals 
transmitted by the ?rst inspection sensors 50 pass through 
the feature 40 and are received by the second inspection 
sensors 52 prior to being sent to a processing element for 
analysis and storage and, in one embodiment, for creating an 
output on a display that can be monitored by the technician. 
In other embodiments, an infrared sensor and an energy 
source are disposed on opposite sides of the feature 40 and 
the infrared sensor is adapted to detect thermal gradients 
generated in the feature by exposure to the energy source. 

[0048] The actuating portion 12 is moved along the ?rst 
surface 32 such that the inspecting portions 14 and 16 are 
correspondingly moved along the surfaces 34 and 36. The 
inspection device 10 of FIG. 1 may be manually moved by 
the technician Who grasps the handle 18 to advance the 
actuating portion 12. The inspection device 10 is advanced 
along the length of the feature 40 to fully inspect the feature, 
such that the processed data is optionally collected for a 
summary of the overall inspection results to illustrate or 
indicate any ?aWs or defects in the inspected feature. After 
the feature 40 is suf?ciently inspected, the inspection device 
10 can be removed by pulling the inspecting portions 14 and 
16 from the structure 30 to overcome the magnetic couplings 
and then removing the actuating portion 12. Similar to the 
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inspection With one inspecting portion, the technician can 
inspect the feature 40 in a relatively blind manner since the 
technician generally does not need to access the surfaces 34 
and 36 of the structure proximate the feature, other than to 
initially position the inspecting portions 14 and 16 and to 
retrieve the inspecting portions folloWing the inspection. 

[0049] A set of rollers 62, skids, skis, or the like may be 
provided on the actuating portion 12 to facilitate movement 
of the actuating portion and a set of rollers 64, skids, skis, 
or the like may be provided on the ?rst inspecting portion 14 
to facilitate movement along the surface 34. A set of rollers 
66, skids, skis, or the like may also be included on the 
second inspecting portion 16 to facilitate movement along 
the surface 36. In the illustrated embodiment, the sets of 
rollers 62, 64, and 66 each include four individual rollers 
located near the plurality of magnets of each portion such 
that the magnets are nominally suspended above their 
respective surface, as shoWn in FIG. 4, so that the magnets 
do not contact the surface but maintain the magnetic cou 
pling necessary to support and align the inspecting portions 
14 and 16 such that the inspecting portions move in concert 
With the actuating portion 12 during the inspection of the 
structure. Further embodiments of the inspection device 10 
may include sets of rollers, skids, skis, or the like at any 
location to facilitate movement of the portions of the inspec 
tion device or may include surfaces or features to facilitate 
the movement of the portions. 

[0050] FIG. 6 illustrates an actuating portion 112 of a 
second embodiment of the inspection device of the present 
invention. The inspecting portions of the second embodi 
ment of the inspection device are not shoWn to better 
illustrate the features of the actuating portion 112. The 
actuating portion 112 includes a motoriZed drive Wheel 170 
that is rotated by a motor 172 to provide for motoriZed 
positioning of the actuating portion 112 and the correspond 
ing inspecting portions. The motoriZed drive Wheel 170 
alloWs a technician to control the inspection device from a 
terminal connected to the actuating portion and the inspect 
ing portions so that the inspection device may be remotely 
controlled to generate data from the inspection sensors that 
may be processed and displayed, such as by a processing 
element. Therefore, the inspection device With the actuating 
portion 112 of FIG. 6 may be moved Without manual contact 
by the technician, as required by the inspection device 10 of 
FIGS. 1-5. The drive Wheel 170 of FIG. 6 contacts the 
surface of the structure that the actuating portion 112 is 
placed upon and advantageously includes a teXtured surface 
to provide sufficient friction so that the drive Wheel does not 
slip relative to the surface of the structure. A motor poWer 
supply (not shoWn) operated by a technician or With auto 
mated equipment provides poWer to the motor 172 to rotate 
the drive Wheel 170 either forWard or backWard as required 
to perform the inspection. 

[0051] The actuating portion 112 of the inspection device 
of FIG. 6 also includes a positional encoder device 174. The 
positional encoder device 174 advantageously provides 
position data for the inspection device for more accurate or 
informative inspection results. The positional encoder 
device 174, Which may be mounted to the actuating portion 
112, as illustrated in FIG. 6, or to one or more inspecting 
portions of alternative embodiments (not shoWn), sends a 
signal to a processing element indicating the position of the 
actuating portion 112, or the inspecting portions, Which 
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corresponds to the location of the inspection device. The 
positional encoder device 174 may measure the movement 
or location of the actuating portion and/or the inspecting 
portion(s) to Which it is attached relative to any surface of 
the structure or relative to any frame of reference integral to 
the structure or independent of the structure being inspected. 
The processing element that advantageously receives the 
signal from the positional encoder device 174 may correlate 
the signal from the positional encoder device to the signals 
received from the inspection sensors so that any detected 
defects or ?aWs are accurately located on the structure. The 
positional encoder device 174 of FIG. 6 is an encoder Wheel 
that produces a signal that corresponds to the rotation of the 
encoder Wheel that contacts the surface that the actuating 
portion 112 is placed upon, Which further corresponds to the 
location of the inspection device. Further embodiments of 
the present invention may include a positional encoder 
device that alternatively measures the movement and/or 
location of the inspection device, a non-limiting eXample 
being an optical encoder that optically measures movement 
of the inspection device, for more accurate or informative 
inspection results. 

[0052] FIG. 7 illustrates a third embodiment of the inspec 
tion device 210 that includes a ?rst inspecting portion 214 
and second inspecting portion 216, each having a vertical 
array of inspection sensors 250 and 252, respectively. Ver 
tical arrangement of the inspection sensors 250 and 252 
provides for additional inspection data during a single 
inspection iteration and alloWs inspection of areas further 
removed from the actuating portion 212. Further embodi 
ments of the inspection device may have arrays of inspection 
sensors in any arrangement. Non-limiting examples include 
the horiZontal arrangement shoWn in FIG. 4 or the angled 
arrangement shoWn in FIG. 3. In addition, the inspection 
sensors may be located on the inspecting portion at any 
position relative to the magnets of the inspecting portion. 

[0053] FIG. 8 illustrates a fourth embodiment of the 
inspection device 310 of the present invention. The inspec 
tion device 310 of FIG. 8 comprises only one inspecting 
portion 314 that further comprises at least one inspection 
sensor 350 to perform one-sided inspections as described 
above. In addition, the inspection sensors 350 of FIG. 8 
comprise Wireless data transmission either directly or indi 
rectly to the processing element. Examples of such Wireless 
data communication include, but are not limited to, WiFi 
applications, Bluetooth applications, or other Wireless LAN 
applications knoWn in the art. 

[0054] As detailed in the folloWing descriptions With 
reference to at least FIGS. 9-18, a structure may be sub 
jected to non-destructive inspection by use of an infrared 
sensor that detects infrared light radiating from the structure. 
Optionally, an infrared sensor collects data for infrared 
imaging and infrared thermography. Inspections Without 
couplants, single-sensor multiple-sensor inspections, one 
sided inspections, and inspections for irregularities at or 
beloW the surface of a material are all optionally available by 
infrared inspection. Furthermore, infrared inspections by a 
mobile infrared sensor may be conducted by remote control. 
Data may be collected, presented, and analyZed in real-time 
and may be stored for post-processing or later presentation. 
Presentations of data optionally include graphical represen 
tations that depict the inspected structure. Graphical repre 
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sentations related to infrared light and visible light may be 
displayed together in overlaid or tiled presentations. 

[0055] FIGS. 9-18 relate to embodiments of infrared 
inspection systems for non-destructive inspection of struc 
tures, particularly structures having at least partially 
enclosed spaces such as internal conduits de?ned by hat 
stringers of aircraft fuselages and such as the interiors of 
pipes and ducts. For example, particular hat stringer con 
?gurations, materials of Which hat stringers and other struc 
tures are composed, and inspections thereof are described in 
the co-pending U.S. non-provisional patent application No. 
11/041,499, ?led Jan. 24, 2005, the contents of Which are 
incorporated herein by reference. When deployed in inspect 
ing the conduit of a hat stringer, or When deployed in 
inspecting other types of bore structures and partially 
enclosed spaces, the infrared inspection systems according 
to the invention, some of Which optionally include visible 
light cameras or other optical devices, de?ne optical bore 
scopes. By collecting data from infrared (IR) light, and 
optionally visible light, inspection systems described herein 
may facilitate single-sided inspections With minimal contact 
With the inspected surface and Without requiring couplants 
that are needed in some ultrasonic inspection systems. 
Where inspection systems described herein comprise 
arrayed sensors disposed at the focal planes of lens assem 
blies, high resolution imaging is facilitated, Which imaging 
optionally includes infrared thermographic imaging and 
optionally includes visible light photographic imaging. 

[0056] Infrared inspection systems according to various 
embodiment of the invention that are described herein, relate 
to the inspection of aircraft components and other structures 
as Well. For eXample, structures having dif?cult-to-access 
areas, nuclear plant heating tubes, long gas and oil pipes, 
building shafts and conduits, fuel cell assemblies, automo 
bile structures, petroleum and natural gas structures, and 
food processing facilities are all subject to infrared inspec 
tion according to the invention. 

[0057] By Way of infrared thermography, the infrared 
inspection systems according to some of the embodiments of 
the invention are capable of collecting data for generating 
vieWable displays of thermal gradients that are indicative of 
features of the structure under inspection. In particular, 
generated displays facilitate the non-destructive identi?ca 
tion of irregularities and ?aWs such as delaminations, dis 
bonds, and fractures beloW the surface of the material of the 
structure and ?aWs such as scratches and holes de?ned at the 
surface. 

[0058] With regard to features beloW a surface, including 
?aWs that impart no evidence visible to the naked eye, ?aWs 
or damage such as voids, delaminations, and disbonds 
generally alter the heat characteristics of a material or 
structure. Temperature gradients detectable at the surface by 
IR thermography are often indicative of hidden irregularities 
or discontinuities. For eXample, a surface area above hidden 
damage Will typically obtain a relatively cooler surface 
temperature indication When a heat source is behind a 
structure due to reduced heat ?oW through the damaged 
region. Conversely, the same surface area Will typically 
obtain a hotter temperature surface indication When a heat 
source is on the same side of the structure as an IR sensor 

because dissipation of the applied heat is retarded by the 
damaged region. Thus, in-volume (beloW the surface) IR 
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thermography can be achieved by near-side or far-side 
heating relative to the disposition of an IR sensor for 
non-destructive inspections of structures. 

[0059] With regard to surface features, irregularities such 
as cracks, pits, scratches and holes generally affect the 
transport of energy across or along surfaces Whether energy 
is being absorbed, radiated, or conducted. Thus, IR ther 
mography is applicable to non-destructive in-volume 
inspections and surface inspections of a structure. For 
eXample, surface inspections Wherein surface irregularities 
absorb energy from incident lasers and become cavity radia 
tors are described in the US. Pat. No. 6,605,807 to Safai, 
issued Aug. 12, 2003, the contents of Which are incorporated 
herein by reference. 

[0060] FIG. 9 relates to an embodiment of the invention 
that may provide non-destructive inspection of a surface or 
structure by infrared inspection, Which may include infrared 
thermographic imaging. As shoWn in FIG. 9, the infrared 
inspection system 400 comprises an infrared sensor 402, a 
rotatable re?ector 404 disposed to re?ect infrared light from 
an inspected surface to the infrared sensor 402, and a display 
system 406 communicably coupled to the infrared sensor for 
presenting data related to an output signal of the infrared 
sensor 402. The re?ector 404 is rotatable about an aXis 405 
for receiving incident infrared light from a range of angular 
approaches disposed about the ads. 

[0061] Thermal gradients may be naturally present in a 
structure inspected by the infrared inspection system 400 or 
may be generated by imparting energy into the structure. For 
eXample, the infrared inspection system optionally com 
prises an energy emitter 407 that directs energy onto an 
inspected structure for thermally eXciting the structure 
thereby causing thermal gradients in the structure as heat 
dissipates therethrough. The emitter 407 optionally directs 
laser light on a structure as described in the US. Pat. No. 
6,605,807 to Safai, issued Aug. 12, 2003. Laser light is 
optionally produced at the emitter 407 and is optionally 
produced elseWhere and conveyed to the emitter 407 by Way 
of optical ?bers. Furthermore, the emitter optionally com 
prises a heat source such as a heat lamp or hot air gun. The 
emitter is optionally disposed on or about the same side of 
the inspected structure as the infrared sensor 402 for near 
side heating of the structure as shoWn in FIG. 9. Further 
more, an energy emitter is optionally disposed on or about 
another side of the inspected structure, such as a side 
opposing the infrared sensor 402, for far-side heating of the 
structure. 

[0062] When the infrared inspection system 400 is in use, 
infrared light 408 is radiated by an area 410 of an inspected 
surface. The infrared inspection system 400 may further 
comprise an infrared lens assembly 412 through Which the 
infrared light 408 passes When the infrared inspection sys 
tem 400 receives infrared light. 

[0063] The infrared lens assembly 412 optionally com 
prises of one more materials that transmit one or more 
infrared Wavelength bands or spectral components thereof. 
For eXample, a mid-Wavelength infrared (MWIR) band 
betWeen 3 and 5 micrometers, and a long-Wavelength infra 
red (LWIR) band betWeen 8 and 12 micrometers are each 
generally transmitted by air. Thus, spectral components of 
these bands are often available for detection some distance 
from a heated structure. Therefore the infrared lens assembly 
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optionally comprises materials that transmit the MWIR and 
LWIR bands, or spectral components thereof. Exemplary 
such materials include, but are not limited to: calcium 
?uoride; germanium; plastic; silicon; Zinc selenide; and Zinc 
sul?de. Furthermore, the infrared lens assembly optionally 
comprises sapphire, Which transmits the short-Wavelength 
infrared (SWIR) band betWeen 1 and 3 micrometers, and 
optionally comprises quartZ, Which transmits both visible 
and infrared light. 

[0064] The infrared lens 412 assembly optionally resides 
at or proximal the exterior of the infrared inspection system 
400 and may therefore be subject to damage or degradation. 
Damage such as scratches and Wearing of the surface may 
occur due to occasional unintended contact With other 
materials or equipment. Degradation may occur due to 
exposure to corrosive and solvent-rich conditions such as, 
With particular regard to hygroscopic calcium ?uoride, moist 
environments. Therefore, one or more layers, overlays, or 
?xtures optionally protect the infrared lens assembly 412. 
For example, a protective diamond coating is optionally 
applied to one or more surfaces of the lens assembly for 
protection thereof. 

[0065] The infrared lens assembly 412 optionally has a 
short focal distance for use in close proximity inspection of 
a surface, for use in inspecting the interior of a small 
con?ned space, and for use in one-to-one imaging. Various 
embodiments of infrared lens assemblies optionally com 
prise respectively ?sh-eye Wide angle lenses and narroW 
angle lenses according to various respective uses thereof. 

[0066] The infrared lens assembly 412 optionally com 
prises a number of elements that transmit and refract infra 
red light and that have adjustable relative dispositions such 
that the focal distance de?ned outWardly from the infrared 
inspection system 400 and the focal plane de?ned Within the 
system are each adjustable. The infrared lens assembly 412 
optionally comprises motoriZed components or remotely 
actuated components for facilitating automated or user 
guided focusing. 

[0067] The rotatable re?ector 404 comprises a re?ective 
surface 416. The re?ective surface 416 may be a polished 
surface, and optionally comprises gold. Infrared light 414 
passing through the infrared lens assembly 412, With or 
Without refractive focusing by the lens assembly, is gener 
ally incident upon the re?ecting surface 416. The re?ecting 
surface 416 is angularly oriented from the axis 405 such that 
the infrared light 414 incident upon the re?ecting surface is 
re?ected as infrared light 418 generally toWard the infrared 
sensor 402. The disposition of the infrared lens assembly 
412 is generally ?xed relative to the re?ector 404 such that 
the lens assembly is rotatable With the re?ector. As the 
re?ector 412 is rotated, the lens assembly 406 exhibits a 
generally circular orbit about the axis 405 in a plane per 
pendicular to the axis. 

[0068] Though other optical pathWays are obtained in 
other embodiments of infrared inspection systems according 
to the invention, in the illustrated embodiment of FIG. 9, an 
optical pathWay is de?ned by the infrared lens assembly 412, 
the re?ector 404, and the infrared sensor 402, Wherein the 
re?ector is disposed in the optical pathWay betWeen the 
infrared lens assembly and the infrared sensor. Infrared light 
radiated by an inspected area of a structure folloWs the 
course of the optical pathWay by transmitting and optionally 
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refracting through the infrared lens assembly 412, re?ecting 
from the re?ector 404, and impinging upon the infrared 
sensor 402. 

[0069] Though other relative angular orientations, relative 
dispositions, and focal arrangements are obtained in other 
embodiments of infrared inspection systems according to the 
invention, the re?ecting surface 416 of the re?ector 404 may 
be oriented at an angle 420 from the axis 405. In the 
embodiment illustrated in FIG. 9, the angle 420 is approxi 
mately forty ?ve degrees. Furthermore, the infrared sensor 
402 is optionally disposed on the axis 405 about Which the 
re?ector 404 is rotatable. The infrared lens assembly 412 
may have a focal plane coincident With the infrared sensor 
402 and, in at least one embodiment, is disposed to focus an 
infrared image of the inspected area 410 onto the infrared 
sensor 402 for graphical representation of the infrared image 
on the display system 406. 

[0070] The infrared sensor 402 may comprise an infrared 
sensitive array, such as a focal plane array (FPA), for 
receiving an infrared image and generating an output signal 
that conveys the infrared image. For example, the infrared 
sensor 402 optionally comprises a tWo-dimensional array of 
infrared sensitive pixel cells disposed in a plane perpendicu 
lar to the axis 405. The infrared sensor 402 may comprise 
one or more materials or detectors sensitive to one or more 

of the SWIR, MWIR, and LWIR bands. Exemplary LWIR 
sensitive materials and detectors include, but are not limited 
to: barium strontium titinate, With regard to thermopile 
detectors and microbolometers; quantum Well detectors, 
including layered detectors and Wavelength speci?c detec 
tors; and ferroelectric detectors. Exemplary MWIR sensitive 
materials and detectors include, but are not limited to: 
indium antimonide (InSb) detectors; and platinum silicide 
(PtSi) detectors. Exemplary SWIR sensitive materials and 
detectors include, but are not limited to: lead selenide 
(PbSe), sometimes referred to as “lead salt” detectors; and 
indium gallium arsenide (InGaAs) detectors. With regard to 
a sensor capable of detecting SWIR, MWIR, and LWIR 
radiation, mercury cadmium telluride (HgCdTe) is sensitive 
to infrared light in a broad spectral range. 

[0071] The infrared inspection system 400 optionally 
comprises a cooling system 422 for cooling the infrared 
sensor 402 and for reducing noise in the detector or as may 
be bene?cial some types of sensors. For example, mercury 
cadmium telluride detectors generally bene?t With regard to 
noise reduction by cooling the detector Whereas thermopile 
detectors may be operated With or Without cooling. Exem 
plary cooling systems include, but are not limited to: ther 
moelectric systems; Joule-Thomson systems; and liquid 
nitrogen systems. 

[0072] The infrared inspection system 400 optionally 
comprises an infrared WindoW 426 for isolating the infrared 
sensor 402 and for protecting the sensor from exposure to 
such harmful elements as moisture. Insofar as the infrared 
sensor 402 is cooled, the infrared WindoW isolates the sensor 
from environmental moisture that may otherWise condense 
on the sensor. The infrared inspection WindoW 426 may be 
constructed of one or more materials that alloW transmission 
therethrough of infrared light. Exemplary materials for con 
structing an infrared WindoW include, but are not limited to: 
calcium ?uoride; germanium; plastic; sapphire; silicon; Zinc 
selenide; Zinc sul?de; and quartZ. 
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[0073] The infrared inspection system furthermore com 
prises a signal processor 424 for receiving output signals of 
the infrared sensor. The signal processor 424 generally 
receives analog signals that convey information about the 
infrared light 418 impinging upon the infrared sensor 402 
and generates digital data based on the analog signals. 
Insofar as the infrared sensor 402 comprises an array for 
thermography imaging, the signal processor 424 receives an 
analog signal from each element of the array and generates 
a corresponding respective digital value. The signal proces 
sor 424 optionally comprises one or more ampli?ers, a 
multiplexer (MUX), and one or more analog-to-digital con 
verters (ADC), optionally in single chip form. The signal 
processor 424 optionally comprises a computing device or 
system, such as a personal computer or Workstation. 

[0074] The infrared inspection system 400 furthermore 
optionally comprises a calibration element 428 such as a 
calibration disk to facilitate calibration of the system, for 
example With regard to accurate radiometric measurements 
of the thermal gradients of the area 410 of an inspected 
surface. The calibration element 428 optionally is movable 
into and out of the optical pathWay preceding the infrared 
sensor or is optionally disposed peripherally to pathWay but 
Within direct or indirect vieW of the infrared sensor. The 
calibration element 428 optionally comprises a thermometer 
read by the signal processor 424 for calibrating the digital 
conversion of data against an absolute temperature scale to 
effect calibrated thermographic imaging at the display sys 
tem 406. Thermographic imaging and radiometric measure 
ments by Way of a thermopile infrared sensor, for example, 
are particularly improved With regard to accuracy by dis 
posing a calibration disk in vieW of the sensor. 

[0075] The infrared sensor system 400 furthermore com 
prises one or more carriage elements 430 by Which at least 
the infrared sensor 402 and ?rst rotatable re?ector are 
mobile. For example, carriage elements 430 optionally com 
prise Wheels, bearings, rollers, tread belts, skids, skis, or the 
like. The carriage elements 430 may comprise metallic or 
non-metallic components for contacting surfaces and objects 
upon Which or along Which the carriage elements travel. In 
the illustrated embodiment, the infrared sensor system 400 
comprises one or more chassis elements 432 each compris 
ing respective carriage elements 430. One or more articu 
lating couplers 434 are optionally disposed betWeen adjacent 
chassis elements for providing maneuverability and corner 
ing of the coupled chassis elements 432. 

[0076] A rotatable head 438 comprises at least the rotat 
able re?ector 404 and is rotatable relative to chassis ele 
ments 432. The rotatable re?ector 404 and optional infrared 
lens assembly 412 are rotated by the head 438. The head 438 
may be rotated by an on-board motor 440 coupled to the 
head 438 by a linkage system, or may be rotated by a linkage 
system extending to a remote motor or other rotational 
driver such as a hand-driven crank or a handle. The rotatable 
head 438 optionally rotates continuously or intermittently in 
one rotational direction as the chassis elements 432 are 
moved along the interior of a closed space or conduit 
structure. Alternatively, the rotatable head 438 may execute 
partial rotations in alternating directions such that the inte 
rior of a conduit structure is scanned in a raster pattern 
de?ned by movements of the head along the axis 405 and 
partial rotations of the head about the axis. 
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[0077] The infrared inspection system 400 optionally 
comprises one or more couplings 442 for applying a motive 
force to the chassis elements 432. The chassis elements 432 
and rotatable head 438 are optionally movable by the 
couplings 442. Exemplary couplings include, but are not 
limited to: universal joints; ball and socket joints; hooks and 
other attaching ?xtures; toWing elements; and magnets. In 
particular the chassis elements are optionally moved in 
concert With an actuating portion (see FIG. 6) by Way of 
magnetic couplings. 
[0078] A mobile chassis 446 of the infrared inspection 
system 400 is de?ned by the chassis elements 432 and 
rotatable head 438. The mobile chassis 446 is movable 
relative to the display system 406 for deployment in inspect 
ing, for example, bore structures, partially enclosed spaces, 
and, for particular example, interior spaces of aircraft struc 
tures such as fuselage hat stringers. One or more of the 
carriage elements 430 are optionally motoriZed and articu 
lated for steering such that the mobile chassis is remotely 
controllable from the location of the display system. In one 
embodiment, the mobile chassis 446 comprises a remote 
motoriZed borescope driven along inspected structures 
under the control of a human operator at the location of the 
display system 406. The infrared inspection system option 
ally further comprises a positional encoder for mapping 
infrared image data to coordinates and dimensions of an 
inspected structure. 

[0079] A poWer supply 448 provides poWer to the mobile 
chassis 446 for the movements of the chassis, rotations 
executed by its elements, for poWering the emitter 444, and 
for poWering the signal processor 424. The poWer supply 
optionally comprises a battery system on-board the mobile 
chassis 446 and optionally comprises a connection to a 
standard AC electrical poWer outlet. 

[0080] A control unit 450 provides for controlling the 
infrared inspection system 400 and particularly the move 
ments and functions of the mobile chassis 446. The control 
unit is optionally interfaced With, a part of, or separate from 
the display system 406. 
[0081] The mobile chassis 446 and on-board systems 
thereof such as the signal processor 424 are optionally 
disposed in communication With the control unit 450 and 
poWer supply 448 by Way of one or more cabled connections 
452, 454. The mobile chassis 446 further optionally com 
prises one or more Wireless communication systems 456 for 
remote Wireless deployment and control of the chassis and 
on-board systems thereof. 

[0082] FIG. 10 relates to an embodiment of the invention 
that may provide non-destructive inspection of a surface or 
structure by both infrared inspection, Which may include 
infrared thermographic imaging, and visible light inspec 
tion, Which may include photographic imaging. In FIG. 10, 
Wherein like reference numerals in FIGS. 9-10 relate to like 
elements, the inspection system 500 combines visible light 
inspection With the capabilities of the infrared inspection 
system 400 of FIG. 9. The infrared and visible light inspec 
tion system 500 thereby comprises a borescope for inspect 
ing structures and may utiliZe both infrared thermography 
imaging and visible light video imaging. Visible light video 
imaging can entail both snapshot photography and motion 
picture imaging. 
[0083] The infrared and visible light inspection system 
500 comprises an optical device 502 that is sensitive to 








